Central adiposity, rather than body mass index (BMI), is a key pathophysiological feature of the development of obesity-related diseases. Although genetic studies by anthropometric measures such as waist circumference have been widely conducted, genetic studies for abdominal fat deposition measured by computed tomography (CT) have been rarely performed. A total of 1,243 participants who were recruited from two health check-up centers were included in this study. We selected four and three single-nucleotide polymorphisms (SNPs) in NGEF and RGS6, respectively, and analyzed the associations between the seven SNPs and central adiposity measured by CT using an additive, dominant, or recessive model. The participants were generally healthy middle-aged men (50.7 ± 5.3 years). In the additive model, the rs11678490 A allele of NGEF was significantly associated with total adipose tissue, visceral adipose tissue (VAT), and subcutaneous adipose tissue (all P < 0.05). The AA genotype of this SNP in the recessive model showed a more significant association with all adiposity traits, and its association with VAT remained significant even after adjustment for BMI (P = 0.005). In the overall or visceral obesity group analysis, the AA genotype of rs11678490 showed no association with overall obesity (P = 0.148), whereas it was significantly associated with visceral obesity both before (P = 0.010) and after (P = 0.029) adjustment for BMI. In particular, an AA genotype effect was conspicuous between lower and upper groups with 5% extreme VAT phenotypes (OR = 9.59, 95% CI = 1.50-61.31). However, we found no significant association between SNPs of RGS6 and central adiposity. We identified a visceral-fat-associated SNP, rs11678490 of NGEF, in Korean men. This study suggests that the genetic background of central adiposity and BMI is different, and that additional efforts should be made to find the unique genetic architecture of intra-abdominal fat accumulation.
Introduction
Obesity, which is defined as abnormal or excessive fat accumulation, is a major risk factor for the development of hypertension, type 2 diabetes mellitus, dyslipidemia, cardiovascular diseases, and cancers [1] [2] [3] [4] [5] . These obesity-related diseases are mediated by different regional fat distributions, such as visceral and subcutaneous adiposity. To date, many studies have shown that visceral and subcutaneous adiposity play different roles in health outcomes. Visceral adiposity has been demonstrated to be causally related to obesity-related metabolic and cardiovascular diseases [6] [7] [8] [9] , whereas subcutaneous adiposity might have protective effects in these disorders [10] [11] . Although waist circumference (WC) is an alternative easy tool that can be used for the measurement of general central obesity in clinical practice, it is also unable to discriminate this regional fat distribution. Quantitative measurement of central adiposity by computed tomography (CT) has been found to be the most reliable and useful method for regional fat assessment and research on obesity-related complications [12, 13] .
Numerous family and twin studies have suggested that obesity is strongly influenced by genetic factors [14] . Therefore, many recent large-scale genome-wide association studies (GWASs) were aimed at identifying obesity-related genes. However, most of these studies focused on BMI-associated genes and found only a few common variants with small effect sizes [15] [16] [17] . When considering that central adiposity, as represented by visceral and subcutaneous adiposity, is the pathological core phenomenon of obesity-related complications, and that each obesity type might have different effects on health, genetic studies based on accurate and direct measurement of adipose tissue compartments by CT are required for understanding the genetic architecture of obesity. Unfortunately, few GWASs of central adiposity, such as visceral and subcutaneous fat, have been conducted. In particular, GWASs of adipose tissue depots in Asian populations have not been reported. In 2009, Norris et al. first carried out a GWAS and a follow-up analysis of CT-derived phenotypes in Hispanics, and found that two candidate genes, RGS6 and NGEF, influenced the body fat distribution and amount of fat, respectively [18] . In 2012, one European ancestry-based GWAS revealed that a novel singlenucleotide polymorphism (SNP), rs1659258, was associated with visceral adipose tissue (VAT) in women via sex-specific analyses of body fat distribution [19] .
Many genetic studies have failed to replicate the loci identified, for several reasons, such as discrepancy in minor allele frequency (MAF) and differences in genetic architecture among populations, thereby emphasizing the necessity of independent replication in other populations. The genetic study of adiposity traits in Asian populations in particular is essential for understanding the genetic background of fat distribution in Asians, because Asians are more likely to have high rates of visceral fat deposition compared with other populations [12, 20, 21] .
This study was aimed at investigating the genetic effects of NGEF and RGS6 on central adiposity traits measured by CT in Korean adult men. We assessed the association between candidate genes and adiposity traits, and provide the first report of the association between central adiposity and SNPs in an Asian population.
Materials and Methods

Ethics statement
We obtained written informed consent from all study participants, and this study was approved by the institutional review board of the Seoul National University Hospital Biomedical Research Institute (approval number, H-0911-010-299).
Subjects
Participants were recruited from two health check-up centers (the Seoul National University Hospital Health Promotion Center and the Seoul National University Hospital Healthcare System Gangnam Center). A total of 1,399 subjects who visited our centers for periodic comprehensive health check-ups and expressed interest in the study from December 2009 to November 2011 were screened by a family physician. In the subsequent detailed interview, 1,243 subjects who met the inclusion criteria (i.e., (1) subjects who did not take any medications that may affect body weight, such as corticosteroids, antidiabetics, thyroid drugs, and weight-reduction drugs; (2) subjects who underwent an obesity-related procedure or surgery; (3) subjects without necessary phenotypic information; and (4) subjects with a qualified DNA sample) were included in the final analysis (Table 1 
Obesity assessment
Anthropometric measurements were performed on participants in an overnight fasting state who were wearing light clothing. BMI was calculated as weight in kilograms divided by the square of the height in meters (kg/m 2 ). Central adiposity, including total, visceral, and subcutaneous adiposity, was measured by abdominal CT scanning (Somatom Sensation 16 CT scanner, Siemens AG, Erlangen, Germany) using a single-slice image taken at the umbilicus level measuring 5 mm in thickness, and the cross-sectional surface areas of the abdominal fat compartments were calculated using the Rapidia 2.8 CT software (Infinitt, Seoul, Korea) within a range of -250 to -50 Hounsfield units, as described previously [22] . The VAT and subcutaneous adipose tissue (SAT) boundaries were defined with a manual tracing method by a cursor. The VAT area was defined by delineating intra-abdominal fat bound by parietal peritoneum or tarnsversalis fascia, excluding vertebra and spinal muscles. SAT area was defined as fat tissue located between inside of dermis and outside of back and abdominal muscle. Total adipose tissue (TAT) is calculated as the sum of VAT and SAT. In addition, we calculated the visceral-tosubcutaneous ratio (VSR).
SNP genotyping
The procedure used for selecting SNPs is described in S2 Fig. Based on the study reported by Norris et al., first, we selected eight and 12 SNPs for NGEF and RGS6, respectively. Among them, SNPs with a MAF < 0.05 in HapMap phase III Asian data (JPT and CHB) were excluded. Next, we considered the minimum number of SNPs per candidate gene to avoid redundant SNPs within a gene region for an appropriate multiple-comparison correction. Thus, we assessed linkage disequilibrium (LD) relations between SNPs using HapMap phase III Asian data (JPT and CHB), and only the SNPs which were in low LD relationship (pairwise r 2 < 0.5) were included for this study. In addition, if the LD level between SNP pairs was moderate or high (pairwise r 2 0.5), only SNPs with the lowest p-values in Norris's study were selected. Finally, a total of four and three SNPs in NGEF and RGS6, respectively, were included in this study. We extracted genomic DNA from whole-blood samples using the QuickGene DNA whole-blood kit with QuickGene-610L equipment (Fujifilm, Tokyo, Japan), according to the manufacturer's standard protocols. All subjects were genotyped by TaqMan SNP Genotyping Assay (Applied Biosystems, Inc., Carlsbad, California, USA); the number of successfully genotyped samples per SNP is indicated in Table 2 .
Statistical analysis
To meet the test's normality assumptions, we checked the distribution of our adiposity traits before analyses. Because all traits followed a non-normal distribution, the best transformation approaches for normality were considered. First, we used natural log and square root transformation methods; however, the transformed traits were still not normally distributed (ShapiroWilk P < 0.05). Therefore, we applied a rank-based inverse normal transformation to our traits, which is robust to deviations from normality and to outliers. To compare the distribution of each trait between two sample-recruitment sites, we used an independent samples ttest. The Hardy-Weinberg equilibrium (HWE) test for each SNP was performed using PLINK software (version 1.9) [23] , and all seven SNP met a criterion for HWE (all P > 0.05) ( Table 2) . We carried out multiple linear regression analyses to identify associations between quantitative adiposity traits and three different genetic models: additive, dominant, and recessive models. These results were adjusted for age and site of recruitment. To assess statistical significance, we considered both the nominal threshold value (P < 0.05) and Bonferroni correction for multiple testing (P < 0.05/7 = 0.007). A logistic regression analysis of rs11678490 of NGEF in binary groups with overall obesity (BMI 25 kg/m 2 ) and visceral obesity (VAT 136 cm 2 ) by transforming quantitative continuous traits to binary traits in total subjects (n = 1,243) was also performed using the three different genetic models. In addition, we used an exact logistic The calculated P-value was obtained by independent samples t-test (two-side P-value).
doi:10.1371/journal.pone.0137564.t001 regression model for small sample size for the extreme groups of VAT phenotype, 5% (n = 62) and 10% (n = 124). For all statistical analyses, SAS software (version 9.3) was used.
Results
Demographic and anthropometric characteristics
The demographic and anthropometric characteristics of the study subjects who met all inclusion criteria are summarized in Table 1 according to recruitment center and as the combined total group. A total of 1,243 subjects from site A (n = 777) and site B (n = 466) were included in the final analysis. The participants were predominantly middle-aged men (50.4 ± 5.3 years), and subject age in site A (50.7 ± 5.3 years) was somewhat higher than that in site B (49.9 ± 5.3 years) (P = 0.022). The BMI distribution was similar between the two recruitment sites (P for BMI = 0.122), and the mean value of BMI in the total sample was 24.5. The mean values of SAT were not significantly different between sites A (136.0 ± 52.2) and B (137.9 ± 49.0) (P = 0.530), whereas the mean value of VAT in site B (139.7 ± 50.7) was much higher than that in site A (125.5 ± 51.8) (P < 0.001).
Candidate SNPs and adiposity-related traits
The genetic characteristics of the seven candidate SNPs are shown in Table 2 . The expected genotype frequencies of all seven candidate SNPs were in Hardy-Weinberg equilibrium (all P > 0.05). A multiple linear regression analysis after adjustment for recruitment site and age was performed to assess the genetic association between adiposity-related traits and the seven SNPs (Tables 3 and 4) . Among the four intronic SNPs in NGEF, only rs11678490's A allele was significantly associated with TAT, VAT, and SAT except for VSR in the additive genetic model (all P < 0.05) ( Table 3 ). In the recessive model, rs11678490's AA genotype was significantly associated with all central adiposity traits (all P < 0.05), and passed the conservative Bonferroni significance threshold of 0.007 (= 0.05/7), which corrected for multiple comparison testing (all P < 0.007). We also evaluated associations with VAT after adjusting for BMI, to check whether NGEF is a visceral-fat-specific gene after controlling for the degree of overall adiposity. As a result, the significant effect of rs11678490 for VAT in the additive model disappeared (P = 0.084), whereas the association signal observed for VAT in the recessive model remained significant (P = 0.005). We also checked the association between this SNP and SAT after adjusting for BMI, but found no significant associations in any of the genetic models (data not shown). Similarly, we investigated the genetic effects of the three SNPs located in the intronic region of RGS6 on adiposity-related traits (Table 4) . None of the SNPs showed significant effects on those traits.
Associations of rs11678490 in the visceral obesity group
In Table 3 , we demonstrate the contribution of rs11678490's A allele (NGEF) to visceral fat mass, especially in the recessive genetic model. We also assessed the association between rs11678490 and the 'general' obesity group (case n = 489, control n = 754), which was defined as subjects with a BMI 25 kg/m 2 , and the 'visceral' obesity group (case n = 559, control n = 684), which was defined as subjects with VAT 136 cm 2 , which is an optimal cut-off criterion in Korean men (Table 5 ) [24] . We found no significant association between the overall obesity group and the rs11678490 SNP. However, in the recessive model, rs11678490's AA genotype was associated with an increased risk of visceral obesity (odds ratio (OR) = 1.63, 95% CI = 1.13-2.37; P = 0.010). After adjusting for BMI, rs11678490 retained a statistically significant effect on the visceral obesity group (OR = 1.59, 95% CI = 1.05-2.40; P = 0.029).
Consequently, in the visceral obesity group, we reconfirmed that NGEF contributes to abdominal visceral fat, independently of BMI.
rs11678490 variant and extreme visceral adiposity
We also performed a case-control association study of the rs11678490 variant and extreme visceral adiposity group defined as subjects within upper and lower 5% visceral adiposity area (n = 62) and 10% (total n = 124) of total sample, respectively ( Table 6 ). The mean VAT of the lower and upper groups in the 10% extreme group were 34.2 ± 11.2 and 247.4 ± 31.1, respectively, and the mean values of each group in the 5% group were 24.5 ± 6.3 and 267.4 ± 33.9, respectively (data not shown). Compared to the allele frequency (AF) of total sample (AF = 0.32), the risk AFs of rs11678490 (A allele) increased in both 5% (AF = 0.45) and 10% extreme upper groups (AF = 0.37) (data not shown). In the 10% extreme group, the risk of visceral obesity in subjects with the AA genotype increased 3-fold compared with those with the AG or GG genotype (OR = 3.33, 95% CI = 1.12-9.90; P = 0.031). This genetic association remained significant after adjusting for BMI (OR = 7.79, 95% CI = 1.50-40.47; P = 0.015). In addition, we investigated the effect of the association in the 5% extreme group among the total Nominally significant results are indicated in bold (P < 0.05). Table 5 . rs11678490 variant and its association with both overall and visceral adiposity group: multivariate logistic regression analysis.
Overall obesity group (case n = 489, control n = 754) visceral adiposity group (case n = 559, control n = 684) sample. Compared with the 10% extreme group, the effect size of the AA genotype in the 5% extreme group was larger (OR = 9.59, 95% CI = 1.50-61.31; P = 0.017).
Discussion
This study was performed to assess the genetic effects of NGEF and RGS6 on central adiposity traits, including visceral fat, in an Asian population. We measured TAT, VAT, and SAT area using CT, as well as BMI, in Korean adult men, and assessed the genetic associations between NGEF and RGS6 and central adiposity traits using four and three SNPs in the NGEF and RGS6 genes, respectively. We found that the A allele of the intronic SNP rs11678490 of NGEF was associated with TAT, VAT, and SAT in the additive model (all P < 0.05) and with all adiposityrelated traits in the recessive model (all P < 0.05). After adjusting for BMI, the genetic effect of this SNP regarding VAT in the recessive model remained significant, suggesting the possibility of an abdominal visceral-fat-specific gene. Interestingly, that effect was conspicuous between lower and upper groups with 5% extreme VAT phenotypes (OR = 9.59, 95% CI = 1.50-61.31). In contrast, we found no significant associations between central adiposity traits and SNPs in RGS6.
Reports of visceral fat distribution vary according to ethnicity and sex. Asian populations generally have greater VAT levels than do other populations under conditions such as the same age and WC, despite the presence of substantially lower levels of overall obesity [12, 20, 21] . In addition, the abdominal VAT level is much higher in men than in women because women tend to store fat in the hips or thighs as opposed to abdominal in men [19] . In the study performed by Norris et al., which was based on Hispanic Americans, the mean VAT of the entire cohort was 114.7 [18] , whereas the mean value of VAT in this study, which included only men, was 130.8. We showed a higher prevalence of intra-abdominal obesity; however, the mean age of subjects in Norris et al.'s study (mean age = 42.8) has a little younger than in our study (mean age = 50.4), and the proportion of women was over 50%. For this reason, this inconsistency regarding visceral fat deposition between the two studies is thought to be the result of age, sex proportion, and ethnic differences. These exact logistic results were adjusted for age and site of recruitment.
The tested allele is minor allele of each SNP. Significant results are indicated in bold (P < 0.05).
We identified a significant genetic association between VAT and rs11678490 of NGEF, which plays a critical role in the formation of neuronal connections. In the additive genetic model, our results for NGEF were consistent with those of Norris et al., raising the possibility of the existence of a total fat-contributing gene. However, in the recessive genetic model, the effect of the SNP on VAT after controlling for BMI remained (P < 0.007). This result suggests a new hypothesis: that NGEF contributes to abdominal visceral fat, as well as to overall adiposity. Interestingly, this possibility was also identified in further association analysis of the visceral obesity group, or groups with 5% and 10% extreme values of VAT distribution. In particular, the effect size of rs11678490, despite the fact that this is a common variant, increased remarkably in the group with extreme values of VAT phenotype. Compared with the results of Norris et al., our distinctive results for NGEF can be explained by several possible factors. First, the assumed genetic model in each study was different. The associations of this SNP in Norris et al.'s study were tested by an additive genetic model [18] , whereas we used all possible genetic models, i.e., additive, dominant, and recessive models. As a result, we found a stronger genetic effect of rs11678490 in the recessive model. Second, this may be because of a discrepancy in MAF between the two populations. The MAF of rs11678490 in our study (MAF = 0.32) was greater than that reported in Hispanic Americans (MAF = 0.19) [18] . Therefore, this variant may be an Asian-specific SNP that influences visceral fat deposition, independently of overall obesity estimated by BMI. This SNP may explain, to some extent, the greater VAT levels observed in Asian populations. In addition, this may indicate a sex-specific effect of rs11678490 on VAT.
The present study had several new aspects. First, we provided a significant replication result of NGEF for adiposity phenotypes using CT data. Most genetic studies of overall or abdominal obesity have used nonspecific anthropometric traits, such as BMI and WC, rather than CT measures, which are associated with a high cost. In this sense, our more precise and refined traits for body fat distribution, including VAT and SAT, may enable the significant replication of the effect of NGEF, despite the relatively smaller sample size compared with those of largescale GWASs. Moreover, we performed comprehensive genetic analyses of visceral fat for the first time in an Asian population, the results of which suggest the new possibility that a variant of NGEF in the recessive genetic model contributes to the distribution of adiposity, particularly VAT. However, we were unable to identify these associations in women, as only men were included in this study. In 2012, one association study reported a sex-specific genetic effect on visceral fat [19] . They performed a GWAS of the distribution of fat among people with European ancestry, and found that a novel variant, rs1659258, which is located on chromosome 2, was related to visceral fat in women, but not in men. This may be because of the known sex differences in the distribution of abdominal fat. To determine the sex-specific effect of our NGEF SNP on VAT, further genetic association studies in women are needed.
In conclusion, we aimed to investigate the genetic effects of central adiposity with 7 SNPs of two candidate genes in a Korean population. We identified that VAT is associated with SNP rs11678490 of NGEF in Korean men.
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